؉ cytolytic T-lymphocyte (CTL) response to antigen-presenting cells generally requires intracellular delivery or synthesis of antigens in order to access the major histocompatibility complex (MHC) class I processing and presentation pathway. To test the ability of pertussis toxin (PT) to deliver peptides to the class I pathway for CTL recognition, we constructed fusions of CTL epitope peptides with a genetically detoxified derivative of PT (PT9K/129G). Two sites on the A (S1) subunit of PT9K/129G tolerated the insertion of peptides, allowing efficient assembly and secretion of the holotoxin fusion by Bordetella pertussis. Target cells incubated with these fusion proteins were specifically lysed by CTLs in vitro, and this activity was shown to be MHC class I restricted. The activity was inhibited by brefeldin A, suggesting a dependence on intracellular trafficking events, but was not inhibited by the proteasome inhibitors lactacystin and N-acetyl-L-leucyl-L-leucyl-L-norleucinal (LLnL). Furthermore, the activity was present in mutant antigen-presenting cells lacking the transporter associated with antigen processing, which transports peptides from the cytosol to the endoplasmic reticulum for association with MHC class I molecules. PT may therefore bypass the proteasome-dependent cytosolic pathway for antigen presentation and deliver epitopes to class I molecules via an alternative route.
CD8
ϩ cytolytic T lymphocytes (CTL) are a subset of T cells that can recognize and kill host cells expressing foreign antigens and that can protect experimental animals from lethal viral or parasitic infections (26, 28) . CTL recognize antigens as short peptides of 8 to 11 amino acids (aa) in association with major histocompatibility complex (MHC) class I molecules on the surfaces of infected cells (2) . These peptide epitopes are generally derived from cytosolic proteins that are proteolytically processed by proteasomes and transported by the transporter associated with antigen processing (TAP) proteins to the endoplasmic reticulum (ER), where they associate with class I molecules (13) . While this endogenous pathway accounts for the majority of class I-restricted CTL responses, alternative pathways for class I presentation of exogenous antigens have been described but are poorly characterized (for reviews, see references 17 and 23). For peptide-based vaccines intended to prime specific CTL, peptides must be delivered to an MHC class I presentation pathway for recognition by the CTL. Here we describe the initial development and characterization of a detoxified bacterial toxin as the delivery molecule.
Pertussis toxin (PT), a major virulence factor of Bordetella pertussis, consists of five different subunits (S1 through S5) that are assembled into the holotoxin in the bacterial periplasm and then secreted into the external medium (49) . The A subunit of PT (S1) ADP-ribosylates the ␣ subunits of several membraneassociated G proteins in eukaryotic cells (30, 57) , and the B oligomer (S2 through S5) binds glycoconjugate receptors on cells (40) . The intracellular trafficking of PT between surface binding and target protein modification appears to involve a retrograde transport through endosomes and the Golgi apparatus (7, 8, 57, 58) , and possibly also the ER (19, 20) , before transport of at least S1 across the plasma membrane. A genetically detoxified PT molecule called PT9K/129G (referred to below as PT*), with mutations in two active site residues of S1, was completely deficient in enzymatic and toxic activities but retained B oligomer-associated properties and immunogenicity in mice (31, 36) . It was protective for mice challenged with virulent B. pertussis (36) , and an acellular pertussis vaccine including this molecule was safe and highly efficacious in a phase III trial (15) . As a first step in the development of PT* as a possible vaccine vector molecule for epitope delivery and stimulation of CTL responses, we report here the construction of toxin-peptide fusion molecules that are stably assembled and secreted by B. pertussis and the ability of these fusion molecules to sensitize target cells to MHC class I-restricted CTL lysis in vitro.
MATERIALS AND METHODS
Bacterial growth. B. pertussis was grown on Bordet-Gengou agar supplemented with 15% sheep blood or in Stainer-Scholte medium (45) with 0.1% heptakis(2,6-O-dimethyl)-␤-cyclodextrin (Sigma). When necessary, antibiotics were added to the following final concentrations: streptomycin, 400 g/ml; nalidixic acid, 20 g/ml; gentamicin, 10 g/ml; and kanamycin, 50 g/ml, Escherichia coli was grown on Luria-Bertani agar, with the addition of 100 g of ampicillin/ml when necessary.
Reagents. Restriction endonucleases and DNA-modifying enzymes were from New England Biolabs or Stratagene. Oligonucleotides were synthesized on an Applied Biosystems DNA Synthesizer, model 380B, and automated DNA sequencing was performed on an Applied Biosystems DNA Sequencer, model 373A. Peptides were synthesized on a Rainin/Protein Technologies Symphony multiplex peptide synthesizer. Fetuin-agarose, brefeldin A (BFA), and N-acetyl-L-leucyl-L-leucyl-L-norleucinal (LLnL) were from Sigma, and lactacystin was purchased from E. J. Corey (Harvard University).
Construction of PT*-peptide fusions. Fusions with insertions of peptides at specific locations on the S1 subunit of PT* were constructed genetically by overlap extension PCR (21) . Oligonucleotides were designed to encode the epitope by using B. pertussis codon preference (53) . PCR-generated fusion fragments were ligated into KpnI/XbaI-digested pS-PT (a 4.7-kb EcoRI fragment containing the ptx genes inserted into the allelic exchange vector pSS1129 [48] ), transformed into E. coli S17.1 (43) , and introduced into the chromosome of B. pertussis W28 by conjugation and allelic exchange as previously described (16, 47) . DNA sequencing of the fusion-containing plasmid was performed to confirm the correct insertion of the peptide-encoding sequence, and PCR was used to confirm the correct insertion of the fusion into the chromosome of B. pertussis.
Assay for secretion of PT*-peptide fusions by B. pertussis. Secretion of PT*-peptide fusions by B. pertussis was assessed by Western immunoblotting of trichloroacetic acid (TCA)-precipitated supernatant proteins. Detection of the S1 subunit in B. pertussis culture supernatants represents a convenient method of assaying for holotoxin assembly and secretion, since S1 is never secreted alone, and subtle changes in S1 that may disrupt correct assembly of the holotoxin result in the absence of detectable S1 in the supernatant (35) . B. pertussis strains carrying the fusions were grown in 10-ml cultures for 24 h (to an A 600 of 1.0 to 1.5). The supernatant was collected by centrifugation and filter sterilization, and proteins were precipitated by the addition of 200 l of 2% sodium deoxycholate and 4 ml of 24% TCA. Precipitated protein was pelleted by centrifugation and resuspended in 1 M Tris-HCl (pH 7)-0.5 N NaOH in a volume standardized against the A 600 of the overnight culture (100 l ϫ A 600 ). Sample buffer was added, and samples were run on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (15% polyacrylamide) and transferred to nitrocellulose by Western blotting. The S1 subunit was detected with an S1-specific monoclonal antibody, either X2X5 or 3CX4 (both kindly provided by Drusilla Burns, U.S. Food and Drug Administration) or 6G7 (kindly provided by Rino Rappuoli, Istituto Richerche Immunobiologiche Siena), a peroxidase-conjugated secondary antibody (Boehringer Mannheim), and ECL development (Amersham).
Purification of PT*-peptide fusions. Three-liter cultures of B. pertussis strains secreting the fusion proteins were grown in shake flasks at 35°C for approximately 65 h to an A 600 of 2 to 3. PT*-peptide fusion proteins were purified from the culture supernatants by batch chromatography with fetuin-agarose according to the method of Kimura et al. (27) . The concentration of protein in purified samples was determined by a Bradford assay (3), and the purity was assessed by Coomassie blue staining of SDS-PAGE gels.
Cell lines. The CTL clone HD8 (56) was obtained from Michael Oldstone (Scripps Research Institute). HD8 was maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 50 M 2-mercaptoethanol, 1 mM sodium pyruvate, 50 g of gentamicin sulfate/ml, 40 U of interleukin 2/ml, 200 M nucleoprotein (NP) 118-126 peptide, and 1.5 ϫ 10 6 irradiated (3,000 rads) BALB/c splenocytes/ml, and cells were split 1:2 every 7 days. Target Peptide, fusion protein, and/or inhibitor was added, and the samples were incubated for 6 h at 37°C in 6% CO 2 . After incubation, 100 l of each sample supernatant was removed and counted in a Beckman gamma counter. Percent specific lysis was calculated as [(experimental release Ϫ spontaneous release)/ (maximum release Ϫ spontaneous release)] ϫ 100. All data are means of triplicate samples.
Flow cytometry. Flow cytometry was carried out as previously described (50) 
RESULTS
Two sites on S1 tolerate insertion of peptides for assembly and secretion of PT*-peptide holotoxin fusions by B. pertussis. Examination of the crystal structure of PT (46) allowed the identification of external, potentially flexible loops on S1 as candidate tolerant sites for insertion of peptides. These sites were between aa 1 and 2, 28 and 29, 45 and 46, 134 and 135, and 180 and 181. The locations of the aa 1-to-2 and 180-to-181 sites are shown in Fig. 1 . We inserted the sequence encoding the 9-aa lymphocytic choriomeningitis virus (LCMV) NP118-126 epitope (Table 1) at each of these sites on S1. In addition, we inserted two other CTL epitope peptides (Table 1) at one or more of these sites. To determine whether assembly and secretion of holotoxin were maintained after insertion of the peptides into S1, we assayed for the presence of S1 in B. pertussis culture supernatants. Insertion of the LCMV NP118-126 peptide was tolerated between aa 1 and 2 and between aa 180 and 181, giving reasonable yields of secreted fusion protein (Fig. 2a) . However, the other sites did not tolerate insertion of this peptide, resulting in the absence of S1 in the supernatant (Fig. 2a) . To confirm that the lack of detectable S1 was due to nonsecretion rather than loss of the X2X5 epitope after insertion of the peptide, we repeated the immunoblotting with two other S1-specific monoclonal antibodies that recognize different epitopes and obtained the same results (data not shown). In addition, the aa 28-to-29 and 134-to-135 sites did not tolerate the insertion of the Plasmodium yoelii CSP281-289 peptide, demonstrating that insertions into some external locations are still disruptive for the assembly and secretion of holotoxin. The yield of secreted fusion protein with the peptide inserted between aa 180 and 181 was relatively low (Fig. 2a) . To test this site further, we inserted the P. yoelii CSP281-289 and LCMV GP33-41 peptide epitopes between aa 180 and 181. Both peptides were tolerated extremely well, allowing high-yield secretion of the fusion proteins (Fig. 2b) . These peptides were also inserted between aa 1 and 2 (at the N terminus of the mature S1 subunit), resulting in high-yield secretion of the fusion proteins (data not shown). These sites therefore represent generally tolerant insertion sites, although the yield of fusion protein depends on the peptide sequence inserted. We purified the fusion proteins with the NP118-126 peptide inserted either at the N terminus (PT*-NP/N) or between aa 180 and 181 (PT*-NP/180) from B. pertussis culture supernatants. The yields of fusion protein were approximately 80 and 30 g per liter of culture, respectively. SDS-PAGE analysis revealed that the S1 subunit of the fusion proteins was correspondingly larger (about 1 kDa) than the S1 subunit of PT*, and there appeared to be the same stoichiometry of subunits as in PT* (data not shown), suggesting that there was little free B oligomer in the preparation and that the holotoxin structure was stable.
Target cells incubated with PT*-NP/N fusion protein are sensitized to lysis by NP-specific CTL. 51 Cr-labelled P815 target cells were incubated with peptide or fusion protein and HD8 (NP118-126-specific, L d -restricted) CTL at various E/T ratios in a 6-h 51 Cr release assay. Target cells incubated with NP118-126 peptide were efficiently lysed by the CTL (Fig. 3) , whereas incubation with the CSP281-289 peptide gave background levels of lysis (Ͻ5%) (data not shown), demonstrating the specificity of the CTL clone. Target cells incubated with the PT*-NP/N fusion protein were also efficiently lysed by the CTL (Fig. 3) . Incubation with PT* or buffer alone (Fig. 3) , or without CTL added (data not shown), resulted in negligible lysis of target cells, demonstrating that the presence of the epitope on the fusion protein was necessary for the activity and that the fusion protein itself was not lysing target cells. When the fusion protein was boiled for 20 min (which denatures the holotoxin into its separate subunits) prior to addition to the target cells, no lysis by the CTL was observed (Fig. 3) . Boiling of the NP118-126 peptide had no significant effect on its ability to sensitize target cells to lysis (data not shown). This demonstrates that intact holotoxin is necessary for sensitization of targets to CTL lysis. In addition, when EL4 (H-2 b ) target cells were used in similar assays, negligible lysis (Ͻ5%) was observed after incubation with NP118-126 peptide or PT*-NP/N protein (data not shown), demonstrating that the response is MHC restricted, occurring in H-2 d but not H-2 b cells.
Sensitization of target cells by PT*-NP/N to CTL lysis is inhibited by BFA but not by proteasome inhibitors.
The observation that denatured (boiled) PT*-NP/N was unable to sensitize target cells to CTL lysis suggests that intracellular events, after the binding and entry of holotoxin, are necessary for this activity, rather than extracellular release of the peptide for binding to surface class I molecules. To investigate this hypothesis further, we repeated the lysis assay in the presence of the inhibitor BFA, which disrupts the Golgi apparatus and inhibits both the trafficking of PT in cells (7, 8, 57, 58) and the secretion of nascent class I molecule-peptide complexes to the cell surface (32, 59) . As shown in Fig. 4 , the addition of 10 g of BFA/ml to target cells incubated with PT*-NP/N greatly reduced CTL lysis. BFA had no significant effect on CTL lysis of target cells incubated with NP118-126 peptide (Fig. 4) , demonstrating that the inhibitory effect was not exerted directly on the activity of the CTL. This strongly suggests that sensitization of target cells by PT*-NP/N to CTL lysis depends on internalization of the fusion protein for delivery of the peptide to class I molecules. To determine whether peptide delivery to class I molecules occurred by the cytosolic pathway of antigen processing, we repeated the lysis assay in the presence of the -7 (34), with 72 and 52% decreases, respectively, in median channel fluorescence after 4 h of culture (data not shown), demonstrating their efficacy in inhibition of MHC class I processing and presentation. We conclude from these data that the proteasome is not involved in the processing of PT*-NP/N for class I presentation of the peptide.
PT*-NP/180 sensitizes target cells to CTL lysis in the same manner as PT*-NP/N. To determine whether the effects seen with PT*-NP/N were due to the location of the peptide at the N terminus of S1, we repeated the lysis assays with the PT*-NP/180 fusion protein and HD8 CTL. As shown in Fig. 5 , PT*-NP/180 was also able to sensitize P815 target cells to specific CTL lysis. Boiling of PT*-NP/180 abolished this activity (Fig. 5) , and the same pattern of effects was observed with the inhibitors: the activity was significantly reduced by BFA but insensitive to lactacystin (Fig. 5) . This demonstrates that insertion of the peptide at an alternative location in S1 maintains the ability of the fusion protein to sensitize target cells to CTL lysis (although the efficiency may be affected) and that processing of the two fusion proteins apparently occurs by the same BFA-sensitive and proteasome-independent pathway. Sensitization of target cells by PT*-NP fusion proteins to CTL lysis is independent of the TAP peptide transporter. The previous data suggest that a noncytosolic pathway of antigen processing may be utilized by the PT*-NP fusion proteins for intracellular delivery of peptides to class I molecules. A prediction of this hypothesis is that processing of the fusion proteins, and subsequent sensitization of target cells to CTL lysis, would be independent of the TAP peptide transporter, which mediates transport of proteasome-generated class I-restricted peptides from the cytosol to the ER (25, 44) . To test this prediction, we used in the CTL lysis assay a TAP-deficient target cell line, RMAS, transfected with the class I molecule L d (which presents the NP118-126 peptide). As shown in Fig. 6 , the ability of both PT*-NP/N and PT*-NP/180 to sensitize the TAP-deficient target cells to CTL lysis was similar to their activity on target cells with functional TAP (P815 cells). The activity was inhibited by BFA (data not shown), and no specific lysis was observed in the absence of peptide or fusion protein or in the absence of CTL (data not shown). The same level of activity was observed when a second TAP-deficient target cell line (T2-L d ) was used in the lysis assay (data not shown). To confirm the phenotype of the TAP-deficient target cells, we analyzed by flow cytometry the surface expression of L d on these cells when they were incubated with and without NP118-126 peptide (1 g) for 6 h at 37°C. Addition of peptide significantly increased the low level of surface L d on the TAPdeficient cells (a 5.7-fold increase in median channel fluorescence) (data not shown) but did not increase the higher level on P815 cells, confirming their TAP-deficient phenotype. From these data we conclude that processing of the PT*-NP fusion proteins for delivery of the peptide to class I molecules occurs via a TAP-independent pathway.
DISCUSSION
The results of this study demonstrate that fusions of minimal CTL epitope peptides with the S1 subunit of PT* can be stably assembled and secreted as holotoxin by B. pertussis and that these fusion molecules can sensitize target cells to lysis by peptide-specific CTL in vitro. This activity is (i) MHC class I restricted, (ii) dependent on the presence of intact holotoxin, (iii) sensitive to the inhibitor (of Golgi-associated trafficking) BFA, (iv) resistant to the proteasome inhibitors lactacystin and LLnL, and (v) independent of the TAP peptide transporter proteins. Our CTL lysis assay protocol of coincubation of fusion protein (or peptide), target cells, and CTL may underestimate the efficiency of the sensitizing activity of our fusion proteins, since the proteins may also enter and sensitize the CTL to lysis. We are currently attempting alternative protocols involving preincubation of target cells with fusion proteins to address this issue.
The BFA-sensitive nature of the epitope delivery activity by the fusion proteins (but not by control peptide) suggests that the pathway that PT* uses to deliver peptides to MHC class I molecules in target cells involves retrograde movement of the fusion molecules beyond the endosomal compartment, at least as far as the Golgi apparatus, but does not involve the proteasome-and TAP-dependent cytosolic pathway. These properties may distinguish this pathway from previously described alternative pathways for exogenous antigen processing and presentation by MHC class I molecules. For example, a proposed "phagosome-to-cytosol" pathway is dependent on proteasome and TAP functions (29) , whereas the noncytosolic "vacuolar" pathway is insensitive to BFA (18) . The processing pathway used by our PT*-peptide fusion proteins may simply be an inherent property of the intracellular trafficking of PT. PT is thought to be taken up by receptor-mediated endocytosis and then to move in a retrograde pathway through endosomes to the Golgi apparatus (7, 8, 57, 58) . One group has proposed further retrograde transport to the ER, where ATP binding to the B oligomer alters the conformation and activates the enzymatic activity of the toxin (19, 20) . The S1 subunit is then proposed to traverse the membrane, possibly utilizing an ERassociated protein degradation pathway for the removal of misfolded proteins, which are transported back to the cytosol for proteasome degradation (20, 55) . The active S1 subunit, which may remain membrane associated (57), then ADP-ribosylates its target proteins, which include the ␣ subunits of several membrane-associated G proteins (30, 57, 58) . Our data are consistent with the idea of PT trafficking to the ER, where proteolysis of the fusion protein to release the class I-binding peptide may occur. The ER is known to contain proteases that can contribute to processing of proteins for class I presentation (9, 22) . If S1 ultimately enters the cytosol, why is there no apparent cytosolic processing of the fusion protein? One possibility is that complete proteolytic release of the peptide has already occurred in the ER (or a previous compartment). Alternatively, the lack of lysines on S1 may allow it to avoid ubiquitination (ubiquitin attachment requires lysine residues) and therefore escape proteasome-dependent proteolysis and the cytosolic processing pathway (20) . Further analyses with these fusion molecules may shed additional light on the cellular trafficking pathway used by PT.
Other bacterial toxins have been utilized as carriers for eliciting CTL responses. Epitopes fused to the binding and translocation domains of Pseudomonas exotoxin A sensitized cells to specific CTL lysis in vitro (6), but this activity was BFA resistant and TAP independent (51), suggesting a vacuolar processing pathway for class I presentation. Peptides fused to B. pertussis adenylate cyclase toxin also sensitized cells to specific CTL lysis in vitro (41) , but the processing pathway of these fusion molecules was not investigated. However, the induction of efficient CTL responses in vivo by these fusions was dependent on the coadministration of alum (10) , suggesting that a particulate nature of the fusion protein, and therefore an alternative processing pathway, was required. A fusion of a polypeptide to a truncated lethal factor component (LFn) of anthrax toxin also sensitized cells (in the presence of the cellbinding protective antigen component of the toxin) to in vitro lysis by CTL specific for an epitope on the polypeptide (14) , and the sensitivity of this activity to lactacystin suggested that the cytosolic pathway of MHC class I antigen processing was used. The different properties of the MHC class I delivery activity of these various bacterial toxin-peptide fusions are most probably a reflection of the different pathways adopted by the toxins for cellular intoxication.
The relationship between the pathway of MHC class I processing and presentation for an antigen and its ability to stimulate protective immune responses is still unclear. Recombinant Listeria monocytogenes strains expressing either a secreted or a nonsecreted form of an LCMV NP118-126-containing fusion protein (which would presumably be processed by different pathways) were equally able to elicit protective CD8 ϩ T-cell responses against LCMV infection (42) . Fusions of peptides with both B. pertussis adenylate cyclase toxin and anthrax toxin LFn, which may follow different processing pathways, elicited CTL responses in mice and could protect mice against infection by the pathogen from which the peptide was derived (1, 39) . This suggests that foreign carrier antigen delivery of peptides for class I presentation in vivo by either the cytosolic pathway or an alternative pathway can lead to protective CTL responses. We have preliminary data showing that two different PT*-peptide fusions elicit a strong CTL response in mice after a single immunization without adjuvant. Further investigation will determine whether this is a consistent property of PT*-peptide fusions and whether such responses are protective against challenge with the pathogen.
